Abstract A consequence of hsp70 (HSPA1A) induction is the inhibition of autophagy. Evidence of autophagy involvement in all aspects of the reproductive process is reviewed, and possible consequences of hsp70 induction at each developmental stage are postulated. It is proposed that aberrant external or internal stimuli that result in high levels of hsp70 production interfere with normal autophagy-related functions and lead to a decrease in the number of functional ova and spermatozoa, impaired pre-and post-implantation embryo development, and increased susceptibility to premature labor and delivery. The purpose of this review is to increase understanding of hsp70-autophagy interactions during reproduction. Interventions to modulate this interaction will lead to development of novel protocols to improve fertility and pregnancy outcome.
Induction of heat shock protein production and activation of the autophagy pathway are two major intracellular responses to adverse physiological conditions. When cells are under a variety of stresses-elevated temperature, hypoxia, inflammation, infection, oxidative stress, and nutrient deprivationpreferential synthesis of the 70-kDa heat shock protein (hsp70), known as HSPAIA, is induced. Under adverse conditions, the intracellular concentration of hsp70 can reach 1 % of the total protein content. Hsp70 promotes cell survival by preventing protein denaturation and the incorrect folding of polypeptides, preserving protein transport between organelles and the cell membrane, and maintaining the integrity of regulatory proteins (Parsell and Lindquist 1993) . While hsp70 can also promote the degradation of misfolded proteins by the ubiquitin-proteosome pathway (Gabai et al. 1997) , its induction is principally a mechanism to preserve protein integrity. Autophagy, in contrast to the protein-preserving functions of hsp70, is primarily a mechanism to rid the cell of altered proteins, other macromolecules, and defective organelles. Assembly of a double-membrane structure called an autophagosome is initiated under conditions of intracellular stress. The autophagosome first surrounds the altered component and then fuses with a lysosome where the component is degraded by lysosomal enzymes and its components returned to the cytoplasm for reutilization (Levine et al. 2011) . A beneficial consequence of the destruction of damaged or unwanted products by autophagy is the recycling of the breakdown products to provide nutrients that may be in short supply. Autophagy degrades proteins, carbohydrates, and lipids into free amino acids, fatty acids, carbons, and nitrogen to preserve cellular functions during adverse conditions (Gustafsson and Gottlieb 2008; Li and Vierstra 2012) .
When autophagy occurs in antigen-presenting cells such as macrophages, dendritic cells, and B lymphocytes, newly formed peptide fragments are presented on the cell surface in association with major histocompatibility complex (MHC) antigens. This complex is recognized by T lymphocytes and results in induction of peptide-specific cell-mediated immunity (Levine et al. 2011) .
Autophagy has also been suggested to induce a type of cell death distinct from apoptosis, called type II cell death, that occurs in the absence of chromatin condensation (Gozuacik and Kimchi 2004) . Its induction is accompanied by massive autophagic-induced vacuolization of the cytoplasm (Yu et al. 2004a, b) . Furthermore, autophagy plays a fundamental role in controlling intracellular infection by the direct destruction of pathogens via lysosomal activity (Choy and Roy 2013) . The autophagic destruction of intracellular pathogens has been named xenophagy (Levine 2005) . In this process, intracellular bacteria are processed through the same autophagosome-lysosome interactions used for degradation of organelles (Choy and Roy 2013) . Autophagy has been clearly demonstrated to be active against cytoplasmic invasion by group A Streptococcus, Salmonella enterica, Listeria monocytogenes, Francisella tularensis, and Mycobacterium tuberculosis (Choy and Roy 2013) .
Recent studies have provided evidence that hsp70 activation and autophagy induction are opposing processes and that the hsp70 pathway predominates. Induction of hsp70 resulted in inhibition of autophagy in several cell lines and heat shock response transcription factor 1 (HSF1) negatively regulated autophagy (Dokladny et al. 2013) . It was postulated that hsp70 induces activation of Akt, a protein kinase that phosphorylates mammalian target of rapamycin (mTOR). The complex that is formed between phosphorylated mTOR and the adaptor protein RAPTOR, known as mTORC1, is a principal inhibitor of autophagy induction. Furthermore, mTORC1 is also involved in phosphorylation and activation of HSF1, the inducer of hsp70 gene transcription (Chou et al. 2012) . The inter-relationship between hsp70 and autophagy is outlined in Fig. 1 .
Evidence for cooperation between hsp70 and autophagy in preserving cell homeostasis in response to stress has been the subject of a recent review (Dokladny et al. 2015) . The major focus of the review involved the interplay between hsp70 and autophagy in muscle cells during exercise-induced stress. Dominance of the heat shock response was demonstrated and proposed as a mechanism promoting the switch from catabolism to regenerative anabolism. Although the heat shock response generally took priority over autophagy in muscle responses, under some circumstances, cooperation between both processes was observed to optimize homeostatic responses.
When sera from pregnant women at mid-gestation and from non-pregnant control women were incubated with peripheral blood mononuclear cells (PBMCs) from healthy female donors, it was observed that the PBMCs incubated with pregnancy sera had the highest intracellular concentration of hsp70 and the lowest autophagic activity as determined by measurement of the autophagy-related protein, p62 (Kanninen et al. 2014b) .
In this communication, we examine current evidence of the expression of autophagy during different stages of fertility and pregnancy, highlight the potential influence of hsp70 induction on this expression, and suggest future investigations to better understand the impact of these interactions on the reproductive process. A comprehensive analysis of autophagy in reproduction was recently published (Kanninen et al. 2013 ).
Gametogenesis
Despite the fact that ovulation, the release of a single mature oocyte from the ovary, does not begin until sexual maturity in adolescence, development of ovarian follicles occurs during embyrogenesis. Thus, >99 % of these follicles must remain dormant, yet viable, for very long periods of time. The limited concentration of nutrients in ova most likely necessitates the contribution of autophagy to oocyte viability during both embryogenesis and throughout a woman's fertile life span. This occurs by the inhibition of mTORC1 (Reddy et al. 2008) . In knockout mice lacking tuberous sclerosis complex 1 (Tsc1), a suppressor of mTORC1 in oocytes, primordial follicles are activated too early leading to a phenotype similar to human premature ovarian failure (Adhikari et al. 2010) . Elevated temperature as well as malnutrition has been shown to induce hsp70 gene transcription in porcine ovaries (Sirotkin and Bauer 2011) . It can also be envisioned that sterile or infection-induced ovarian inflammation may lead to hsp70 induction with a consequent reduction in autophagy and reduced oocyte viability. Hsp70 induction in the ovary may explain reduced fertility in women with polycystic ovary syndrome.
Although not thoroughly studied, there are suggestions that autophagy may similarly promote survival of male germ cells during the process of spermatogenesis (Bustamante-Marin et al. 2012; Gallardo Bolanos et al. 2012) . It is interesting to note that human spermatogenesis occurs in testicles located in the scrotum that is external to the body cavity and, thus, at lower than body temperature. This would keep heat-related hsp70 induction at a minimum. The well-known effects of testicular inflammation or genital tract infection on male infertility may, therefore, involve hsp70-induced inhibition of autophagy. Hsp70 has not been identified in mammalian spermatogenesis (reviewed in Witkin and Linhares 2010); however, other members of the heat shock protein family have been observed. Recently, HSPA2 in particular has been recognized as a key regulator of spermatocyte maturation and function. HSPA2 deficiency has been found in infertile men, and lower levels of HSPA2 predicted assisted reproductive technology failure (reviewed in Scieglinska and Krawczyk 2015) .
Fertilization and pre-implantation embryo development
There is evidence of autophagy activity in recently fertilized mammalian oocytes. It has been postulated that this activity is essential to remove superfluous sperm components as well as unneeded oocyte constituents Sato 2011, 2012) .
Genetically altered mice unable to induce autophagy were shown to die at the four-to eight-cell stage of development (Tsukamoto et al. 2008 ). The addition of rapamycin, a potent autophagy inducer, to in vitro cultured bovine embryos improved blastocyst development (Song et al. 2012) . Hsp70 is first identified in embryogenesis when the blastocyst differentiates into an inner and an outer cell mass (Wittig et al. 1983 ). Undoubtedly, this heat shock protein is required for extensive chaperone functions during this rapid growth period. However, excessive levels of hsp70 may have detrimental effects on embryogenesis. For bovine embryos cultured in vitro and subjected to external stress, the addition of an inhibitor of endoplasmic reticulum stress, tauroursodeoxycolate, greatly enhanced normal embryo development (Song et al. 2012 ). This strongly implicates excessive heat shock protein induction as being detrimental to early embryogenesis. It has been proposed that a reduced capacity of embryos to induce autophagy may increase a subsequent susceptibility to develop intrauterine growth restricted (IUGR) fetuses (Lee et al. 2011) . Indeed, Lee et al. (2011) demonstrated that autophagy promotes survival of blastocysts undergoing dormancy. They speculated that a reduced autophagy activation would lead to defective developmental competence and eventually to IUGR in mammals. Bacterial vaginosis, an alteration in the vaginal microbiota in which lactobacilli are replaced by large numbers of anaerobic bacteria, has been shown to increase local hsp70 concentrations (Giraldo et al. 1999 ) and is associated with anovulation (Wilson et al. 2002) , unexplained infertility (Spandorfer et al. 2001) , and early pregnancy loss after in vitro fertilization-embryo transfer (Ralph et al. 1999 ). Thus, although there is no direct evidence of a specific cause and effect relationship, hsp70-related autophagy inhibition may very well reduce the probability of successful ongoing embryogenesis.
Placental development
Development of the human placenta occurs under conditions of hypoxia and nutrient deprivation. In the presence of these stressors, autophagy functions as a cytoprotective mechanism helping the placenta to adapt. Deficiencies in autophagy can compromise key placentation functions such as invasion and vascular remodeling (Saito and Nakashima 2013) . Autophagy induction via inhibition of mTORC1 has been proposed to be essential for maintenance of optimal placental growth and differentiation (Saito and Nakashima 2013) . Autophagy induction is present in villous cytotrophoblast and syncytiotrophoblast cells (Signorelli et al. 2011 ). Incubation of extravillous trophoblast cells under hypoxic conditions has been shown to also induce autophagy in these cells .
We have shown that sera from women with preeclampsia inhibits the induction of autophagy in PBMCs compared to sera from women with normotensive gestations (Kanninen et al. 2014a) . This suggests the possible presence of either an autophagy inhibitor or the lack of an autophagy inducer in the circulation of women with preeclampsia. Serum levels of hsp70 are elevated in preeclampsia (Molvarec et al. 2009 ), Fig. 1 Mechanism of hsp70-induced inhibition of autophagy. Hsp70 activates the protein kinase, Akt, leading to its phosphorylation of mammalian target of rapamycin (mTOR). Phosphorylated mTOR combines with an adaptor protein, RAPTOR, to form the complex known as mTORC1. mTORC1 inhibits the induction of autophagy and, concomitantly, induces the phosphorylation and activation of heat shock factor (HSF) 1. HSF1 binds to the HSP70-2 gene, leading to production of the hsp70 protein suggesting the possible involvement of hsp70 in this activity. However, there is not necessarily a correlation between intracellular and extracellular levels of hsp70 (Sisti, Kanninen, and Witkin, unpublished observation) . Hsp70 concentrations are also elevated in placental tissues from women with preeclampsia, especially in those with early onset disease (Yung et al. 2014 ). More recently, hsp70 mRNA levels in whole blood were found to be significantly elevated in gestational hypertension, preeclampsia, and IUGR (Hromadnikova et al. 2015) . Variations in the expression of autophagic markers (Gao et al. 2015 ) and hsp70 levels (Johnstone et al. 2011) in preeclamptic placentae at different gestational ages may be an example of the pathological dysregulation of these two processes that contribute to the development of preeclampsia.
Although autophagy is needed for placenta formation and maintenance, it appears that excessive unopposed induction of autophagy is also detrimental. Trophoblasts from women with severe preeclampsia, a serious condition associated with poor trophoblast invasion of the maternal spiral arteries, have been shown to exhibit upregulated autophagy Oh et al. 2008) . Excessive autophagy also characterizes the placenta of fetuses with unexplained IUGR (Curtis et al. 2013; Hung et al. 2012) . Interestingly, in monochorionic twins with selective IUGR, autophagy levels were higher in the placenta of the smaller twin (Chang et al. 2013) , indicating autophagy as an adaptive mechanism in response to a hypoxic localized stress. Autophagy may help the placenta respond to the unfavorable conditions generated by a lack of intracellular nutrients and energy typical of IUGR. Another explanation of the connection between autophagy and IUGR may be found in the relationship between autophagy and cell death in trophoblasts. Evidence has been presented that excessive autophagy induction renders cells more susceptible to apoptosis-mediated cell death (Thorburn 2014) .
Hsp70 is also a potent inhibitor of apoptosis (Beere et al. 2000) . The relationships and interactions between autophagy and apoptosis are complex and variable (Maiuri et al. 2007 ). In general, in response to stress, autophagy is induced to aid cell survival while apoptosis is induced to kill cells that have become too defective to rescue. Defective autophagy leads to induction of apoptosis. Triggering of the two pathways may depend on macromolecules exclusive to each process or, conversely, similar compounds may induce either pathway depending on the prevailing intracellular milieu. Therefore, it can be postulated that elevated production of hsp70 may contribute to cell survival during placental and embryo development by the downregulation of whichever process, autophagy or apoptosis, is being activated. Interestingly, first-and third-trimester placentas that have become infected with herpesvirus manifest a decreased concentration of Hsp70 (Lutsenko et al. 2010) . Whether this potentiates destruction of the infected cells by apoptosis and/or is an attempt to remove the virus by induction of autophagy remains undetermined.
Pregnancy complications
Interruptions in autophagy have also been implicated as affecting pregnancy outcomes. Increased mTORC1 signaling which inhibits autophagy induction resulted in premature decidual senescence and preterm parturition in a mouse model (Hirota et al. 2011) . This effect could be reversed by addition of the autophagy inducer, rapamycin (Hirota et al. 2011) . We have shown that labor can be more rapidly induced in pregnant women if they have a polymorphism in a gene associated with a reduced capacity to induce autophagy (Doulaveris et al. 2013) . Furthermore, evidence of autophagy was not observed in placentas obtained from women evaluated following a vaginal delivery but was present in placentas from women who underwent a cesarean section while not in labor (Signorelli et al. 2011) . Although far from definitive, these observations suggest that inhibition of autophagy promotes labor induction either prematurely or at term.
Infection is widely recognized as a major cause of preterm labor and delivery (Romero et al. 2001) . It is thought that microorganisms ascending from the vagina, through the cervix, and into the pregnant uterus and amniotic cavity precipitate pro-inflammatory immune system activation, prostaglandin production, and myometrial contractions. High levels of hsp70 would be induced under these conditions to limit inflammation and provide needed chaperone functions. In vitro incubation of fetal amniotic membranes with lipopolysaccharide, a cell wall component of Gram-negative bacteria, led to the production of hsp70 (Menon et al. 2001) . Similarly, ex vivo incubation of whole amniotic fluid with peptidoglycan, a component of the Gram-positive bacteria cell wall, induced the release of hsp70 (Jean-Pierre et al. 2006) . Hsp70 levels in the amniotic cavity increase in the presence of infection (Chaiworapongsa et al. 2008) . Preterm premature rupture of the fetal membranes, a process also associated with infection that increases the likelihood of premature labor and delivery (Mailath-Pokorny et al. 2015) , is also accompanied by elevated levels of hsp70 (Chaiworapongsa et al. 2008) . We propose that infection-induced intracellular hsp70 promotes preterm birth by the inhibition of autophagy.
Interestingly, hsp70-containing exosomes have also been identified in human amniotic fluid, and the intraamniotic exosome concentration increased with the number of pregnancies (Asea et al. 2008 ). This suggests that hsp70 can potentially be transported between cells in the amniotic cavity to maximize its effect. A study from China observed that the intracellular concentration of hsp70 in peripheral blood lymphocytes in the first trimester was directly correlated with adverse pregnancy outcomes such as spontaneous abortion or fetal demise (Tan et al. 2007) .
We speculate that autophagy inhibition and hsp70 induction during pregnancy may also be involved in promoting maternal tolerance to paternal antigens that are expressed by the fetus. Pregnancy from an immunologic point of view is a semi-allogeneic maternal-fetal transplant. A degree of immune tolerance is required to allow the fetus to develop within the uterus without being recognized as foreign and eliminated by maternal immunity. During pregnancy, cellular debris is released from the syncytial surface to the maternal peripheral circulation (Redman et al. 2012) where it can be ingested by phagocytic cells. Their degradation by autophagy results in the generation of small peptides that associate with MHC class II molecules and become displayed on the cell surface. Recognition of the peptide-MHC complex by T lymphocytes results in antigen-specific cell-mediated immunity. The elevation in hsp70 and corresponding decrease in autophagy during pregnancy may, therefore, limit the generation of maternal anti-fetal cell mediated immunity and thus be beneficial to the fetus. Hsp70 has also been proposed to contribute to immune tolerance by promoting immuno-suppression by T regulatory cells (Brenu et al. 2013) . A deficit in immune tolerance in pregnancy has been proposed as a contributing factor to adverse pregnancy outcome (Ramos et al 2015) .
Future directions
Exploration of the relationship between hsp70 induction and autophagy in gametogenesis, placental, embryo, and fetal development and pregnancy outcome is in its infancy. While both processes are crucial for cell survival under adverse conditions or during periods of rapid cell growth and differentiation, aberrant or inappropriate levels of their expression may impair the normal sequence of reproductive events. Current studies using animal models need to be confirmed as being relevant to humans. Investigations in pregnant women have been performed to date on only a limited number of subjects. It is important in future studies to investigate the relative effects of specific endogeneous and exogenous stressors on autophagy and hsp70 induction and their consequences for fecundity and pregnancy outcomes. The findings from future investigations will contribute to an improved understanding of the regulatory interactions involved in the reproductive process and lead to novel protocols to identify specific deficiencies in individual patients and to initiate the most appropriate corrective actions.
